Introduction
The worldwide importance of soybean and the main limitations to crop yields Because of its potential for large-scale production, soybean (Glycine max (L.) Merrill) has excelled in the world agricultural economy as a major oilseed crop. At present, soybeans are grown primarily for oil extraction and for use as a high protein meal for animal feed (Singh & Shivakumar, 2010) . According to Li-Juan & Ru-Zhen (2010), soybean has a protein content of approximately 40% and an oil content of approximately 20%. In 2010, the area planted with soybeans worldwide was 102.4 million hectares, with total production of 261.6 million tons in the same year (Faoestat, 2012) . This crop is currently being produced around the world, including in much of North America, South America and Asia. The U.S. and Brazil are the world's largest producers and exporters of soybean (Kumudini, 2010) .
According to Mutei (2011) , with the increasing world population, which is expected to reach nine billion people by 2050, the worldwide production of food should increase by 70% to ensure food security, which should be achieved through growth in productivity, rather than simply through the expansion of cultivation areas. Câmara & Heiffing (2000) indicate that to obtain increases in soybean yields, it is necessary to understand the interaction between cultivars and the production environment. Based on these factors, crop management can be adjusted to achieve proper development of plants in each production environment. Soybean is very responsive to environmental conditions, and the main climatic factors affecting its crop yields include the photoperiod, which influences the availability of full light, temperature and water availability (Mundstock & Thomas, 2005) .
Although the effects of various environmental factors interfere with the performance of crops, water restriction is the main limiting environmental factor that contributes to the failure to obtain maximum soybean yields (Casagrande et al, 2001) , influencing the use of other environmental resources. According to Confalone & Navarro Dujmovich (1999) , the efficiency of the use of solar radiation by soybean remains relatively constant at different development stages. When there is moderate water stress, soybean tends to maximize the efficiency of radiation utilization and reduce the efficiency of the interception of photosynthetically active radiation, while under severe water deficits, there is a reduction of the efficiency of radiation utilization. Lisar et al. (2012) report that the impacts of water stress in crop plants can reduce productivity by 50% in various parts of the world. Under stress conditions, the plants present a series of changes in their morphology, physiology and biochemistry, negatively affecting their growth and productivity. According to Gerten & Rost (2010) , two-thirds of world food production through cultivation occurs under water stress. In this context and because of the prospect of global climate change, most crops will be exposed to negative impacts caused by drought.
Effects of water deficits on soybean: Crop yields and general responses
Water participates in nearly all physiological and biochemical processes in plants, comprising approximately 90% of their mass (Farias et al, 2007) . It is responsible for the thermal regulation of the plant, acting both to maintain the cooling and heat distribution and to promote mechanical support of the plant (Taiz & Zeiger, 2009 ). It also functions as a solvent, through which gases, minerals and other solutes enter cells and move within plants (Nepomuceno et al, 1994) .
The need for water in soybean increases with plant development, peaking during the flowering-grain filling stages (7-8 mm day -1 ) and decreasing thereafter. The total water requirement for maximum productivity varies between 450 and 800 mm, depending on weather conditions, crop management practices and cycle timing (Embrapa, 2011 , Farias et al, 2007 . The loss of productivity under water deficit conditions depends on the soybean phenological stage, duration and intensity of water shortages (Doss & Thurlow, 1974) . Kron et al. (2008) evaluated the responses of soybean to water stress induced in different phases in the plants and concluded that plants subjected to water stress during the V4 stage showed an increased tolerance to water shortages in later stages. This stage was considered to represent a "developmental window" in soybean, characterized as a specific period during plant development when environmental disturbances can be embodied, thereby improving subsequent plant resistance to environmental changes (Kron et al., 2008) . Desclaux et al. (2000) evaluated the effects of water stress at various stages of development in soybean plants and found the average length of the internodes to be the most sensitive feature to drought imposed during the vegetative stages (V4) and flowering (R1-R3), and a reduction in plant height was associated with water stress induced in the V4 stage. The number of pods per unit of shoot dry matter was significantly affected by water deficits in the reproductive stages (R3-R5). When stress occurred during grain filling (R5), the characteristics of the plant that were most affected were the number of grains per pod and the grain weight. Rosolem (2005) notes that the water demand of soybean is highest at the initiation of flowering, but a water deficit from pod initiation (R3) until 50% yellow leaves (R7) is the most critical stage for productivity. In a study performed by the same author correlating rainfall with grain yields, it was found that when water restriction occurred between flowering and the emergence of pods, the grain yield of soybean was 1,275 kg ha -1 , but under no water limitation at this stage, there may be an increase in productivity of 3.8 kg ha -1 for each mm of rain. When water restriction occurred during grain filling, the yield was 878 kg ha -1 , and for each mm of rain, there was an increase in productivity of 13 kg ha -1 , indicating the greater susceptibility of the soybean to water stress during grain filling, although the highest water demand in the crop occurred at the beginning of flowering (Desclaux et al., 2000) . These results are in agreement with those of Nogueira& Nagai (1988). However, other studies observed that seed filling is not the most drought prone period of soybean development. When the water deficit starts during R1 (early flowering) and R4 growth stage, the seed yield may be significantly reduced (Eck et al., 1987 , Brown et al., 1985 , Hoogenboom et al., 1987 compared to R6-R7 growth stage.
According to Santos & Carlesso (1998) , the most prominent responses of plants to water deficits in terms of morphological processes are decreases in leaf area and acceleration of the senescence and abscission of leaves. Catuchi et al. (2011) studied the conventional cultivar CD 220 and the transgenic cultivar CD 226RR under water deficits induced at the V4 stage, and they observed a reduction of approximately 40% of leaf area per plant compared to control plants and decreasing shoot dry mass of approximately 50% for both cultivars. Akinci & Losel (2012) reported that water stress drastically decreased root elongation and the expansion of leaf area in soybean, though these two processes were not equally affected because leaf expansion is usually reduced by a greater proportion than root growth, and carbon partitioning shifts to increase the root/shoot ratio. Catuchi et al. (2012) studied the responses of biomass and leaf area in plants of two soybean cultivars, BR 48 and EMBRAPA 16, which are considered tolerant and susceptible to water restriction, respectively, grown under water deficits. The authors observed a reduction of all traits in both cultivars due to a water deficit imposed in the reproductive stage of culture, with the exception of root dry mass in Embrapa 48 , which remained unchanged, even under conditions of water restriction (Table 1 ). This phenomenon may occur because drought can promote the expansion of the root system to reach additional deeper moisture zones in the soil profile, a process that begins gradually after drying of the soil surface (Santos & Carlesso, 1998) . The reduction of the other biomass parameters under conditions of water deficits is related to decreased photosynthetic rates, and biomass accumulation and translocation to grain are consequently impaired (Neumaier et al., 2000) .
One of the most important processes of nitrogen nutrition of soybean, which results in improvements of productivity and profitability of the crop, is the symbiotic nitrogen fixation. Nevertheless, this process is negatively influenced by low moisture Pur-cell & Specht, 2004) . Decreased nitrogen fixation starts when water potential of root nodules starts falling below -0.2 to -0.4 MPa (Pankhurst & Sprent, 1975) . According to the Purcell et al. (2000) , the water deficit promotes the accumulation of products of N 2 fixation (ureides) in the shoot of soybean plant, causing a feedback reduction in fixation of N 2 . Thus, the authors report that proper nutrition with manganese (Mn +2 ) promotes the breaking of ureides and extends N 2 fixation in plants under water deficit. Furthermore, soybean plants that produce larger nodules are less susceptible to reduction of nitrogen fixation in water deficit conditions (King & Purcell, 2001 Means followed by the same letters between the levels of water reposition in each cultivar not differ by Tukey test (P = 5%). Water restriction may be caused by several factors in plants, with the principal cause being an absence or an irregular distribution of rainfall during the crop cycle (Gopefert et al., 1993) . In recent years, due to global climate change, climate stability, which allows the cultivation of crops to be planned, has been more limited. For plants to withstand periods of water restriction, they should be able to maintain their water status at normal turgor pressure during the hottest hours of the day, when the water vapor atmospheric demand is greater. This requires that the plant have a well-developed root system allowing it to reach water in deeper layers in the soil profile (Farias et al, 2007) . In some cases, the limited extent of the root system reduces the water supply to plants. These responses are typical of soils containing toxic aluminum (Al 3+ ) combined with low rainfall during the crop cycle. The presence of Al 3+ could limit the development of the root system due to inhibition of DNA synthesis and cell division, limiting the elongation of the roots and thus, the absorption of water from the deeper layers of soil. It also causes changes in nutrient uptake and in the overall nutritional balance of plants (Machado, 1997) Moreover, soil compaction caused by the pressure of agricultural implements on farms is another limiting factor for deep root development. In the work carried out by Cardoso et al. (2006) , there was a significant correlation found between the root volume of two soybean cultivars and the resistance to penetration (RP), with the root volume decreasing linearly in both cultivars associated with increases in RP. According to Beutler & Centurion (2003) , the growth of the soybean root system is limited when the RP is greater than 2 MPa. Beutler et al. (2006) note that soybean yield decreases in RPvalues from 2.24 to 2.97 MPa.
In this sense, the use of implements that do not cause soil compression and cultivation techniques such as "no-tillage systems" (NTS) that result in better soil physics, promoting better root development at depth, are extremely important to avoid loss of productivity due to water restriction. Furthermore,some agricultural practices, such as lime and gypsum application may promote the correction of the soil profile (Santos et al, 2010) .
According to Franchini et al. (2009) , under NTS, the maintenance of the soil covering reduces evaporative water loss due to the formation of a physical barrier and reduces the temperature of the soil and runoff because of the increased capacity of water infiltration associated with protection of the surface of the soil against the impact of raindrops, thus preventing crusting. Similarly, increasing the percentage of soil organic matter (SOM), which is associated with a reduced intensity of soil cultivation, substantially improves the soil structure, which favors the development of soybean roots and thus increases the size of the water reservoir available. In addition, improvements in the soil structure provided by NTS increase infiltration and the water retention of the soil, thus favoring the upward flow of water from deeper layers to upper layers, where the majority of the soybean root system develops. The effects of SOM are connected with the hygroscopicity and high specific surface area of this type of material, which promotes increased water retention (Braida et al, 2011) . In a long-term study, Franchini et al. (2009) reported that during the first four seasons after the adoption of aNTS, the soybean yield was similar or slightly lower than that obtained under conventional tillage (CT). However, from the fifth year onward, when the system had matured and consolidated, the soybean yield was higher under the NTS than the CT (Figure 2 ). Sowing according to agroclimatic zoning for each agricultural environment is another strategy to avoid productivity losses due to water restriction. The cultivar must be adapted to the region considering the climate and soil type that determine water retention. In regions with higher occurrences of drought, it is essential to cultivate material that is more tolerant to water restriction. Thus, when the chemical and physical conditions of soil are suitable, allowing good root development at depth, and the cultivar and sowing time are selected to minimize the effects of water restriction, it is possible to obtain a high productivity soybean grain yield.
Overall, to achieve productivity under any conditions, it is essential that the process of photosynthesis, which is responsible for all carbon assimilated for the production of biomass, has a minimum efficiency. Under water deficit conditions during the soybean cycle, photosynthesis is one of the main physiological processes affected.
Influence of water deficiency on plant physiology: An overview
Drought stress is a factor that occurs when little water is available in an appropriate thermodynamic state. The term "dry" indicates a period without appreciable precipitation during which the water content in the soil is reduced (Larcher, 2000) . This situation can be exacerbated when atmospheric conditions cause continuous water loss via transpiration or evaporation (Jaleel et al., 2009 ). Depending on environmental conditions, different levels of water loss can occur. While water deficiency is a state caused by a moderate loss of water, which causes stomatal closure and reduction of gas exchange (Jaleel et al., 2009 ), desiccation is caused by much more extensive losses of water, which can potentially lead to major disruption of cellular structure and metabolism and eventually to an interruption of enzyme-catalyzed reactions (Smirnoff, 1993 , Jaleel et al. 2009 ).According to Jaleel et al. (2009) , water stress is characterized by reductions in water content and leaf water potential and loss of cellular turgor, which decreases stomatal conductance and cellular expansion, consequently constraining plant growth. Severe water stress can result in impairment of photosynthesis, metabolic disorders and ultimately death of the plant. In addition, other factors, such as high temperatures, soil salinity, pathogen attack and mechanical damage, may also contribute to differences in the amount of water in plants by interfering with their development and reducing their productivity (Larcher, 2000) .
Once successful stand establishment is achieved, one of the most sensitive physiological processes to drought stress is reduced cell expansion resulting from decreased turgor pressure (Raper & Kramer, 1987) . As leaf water potential falls, cell and leaf expansion are affected before photosynthesis. Bunce (1977) reported a linear relationship between soybean leaf elongation rate and turgor pressure. Decreasing leaf water potential to -0.80 MPa reduced leaf elongation rate by 40% relative to greater values of water potential. Consequently, leaf area and plant dry matter were reduced 60% and 65%, respectively. These results were subsequently confirmed in field experiments (Muchow et al., 1986) . Thus, occurrence of water deficit during vegetative growth (emergence to R5) can reduce the leaf area indices (LAI) and the interceptation of photosynthetically active radiation by the total leaf area to levels insufficient for optimal crop growth rate (CGR) and yield. The effects of water stress on photosynthetic rates of soybean leaves are readily detectable at leaf water potentials about -1.0 to -1.2 MPa (Raper& Kramer, 1987). The rate starts declining more rapidly as water potential falls below -1.8MPa. Plants suffering this level of drought would have greater reductions of CGR and yield because not only would LAI be reduced, but the net assimilation rate (photosynthetic rate per unit LAI) would also be reduced. Drought stress effects on photosynthesis become irreversible once water potential falls below -1.6 MPa.
The stress induced by water deficits in plants depends on the conditions provided by the environment, varying according to the intensity and duration of water deficits, the rate of water deficit induction and the stage of plant development when drought occurs (Pinheiro & Chaves, 2011, Bertolli et al., 2012) . Moreover, these factors can strongly influence the process of mitigation associated with acclimation to conditions after water shortages (Chaves et al., 2009 ). Acclimation responses in plants under water stress generally include responses related to growth inhibition or leaf shedding, reducing the water consumption by these tissues and contributing to the maintenance of water balance and the assimilation of carbon (Chaves et al., 2009 , Pinheiro & Chaves, 2011 . Osmoregulatory el-ements produced in response to slow dehydration also have the function of maintaining metabolic activity, improving cell osmotic adjustment (Pang et al., 2011) . The increase in sugar levels during leaf dehydration appears to be the result of coordinated regulation of the synthesis and translocation of sucrose, contributing to osmotic adjustment and enabling the maintenance of turgor in meristematic regions. These responses may eventually lead to restoration of cellular homeostasis, thereby increasing plant survival under stress (Chaves, 1991 , Chaves et al., 2009 .
A central question in plant biology is related to the problem of the optimization of CO 2 fixation in environments with limited water. In environments where there is water restriction caused by a lack of water from the soil or by a high atmospheric water demand plants tend to close their stomata to conserve water via reducing transpiration losses, which may limit the CO 2 intake into the leaf for photosynthesis (Kaizer, 1987 The decrease in CO 2 diffusion from the atmosphere to the carboxylation site of Rubisco (ribulosebiphosphate carboxylase/oxygenase) is generally considered to be the main cause of reduced photosynthesis under conditions of mild and moderate water deficits (Grassi & Magnani, 2005 , Chaves et al., 2003 , Pinheiro & Chaves, 2011 . Greater resistance to the diffusion of CO 2 may be caused by both stomatal limitation and by lower conductance in the mesophyll ). The stomata act in regulating the entry of CO 2 (an essential substrate for photosynthesis) into the leaves and the loss of water vapor to the atmosphere via transpiration. The control of gas exchange between the leaf and the atmosphere through the stomata is essential for the maintenance of photosynthetic activity and tissue hydration (Reynolds-Henne, et al. 2010, Aasamaa & Sõber, 2011) . When the decrease in stomatal conductance is combined with high light levels, the leaves are subjected to an excessive amount of incident energy in relation to the amount of intercellular CO 2 available for photosynthesis, and the rate of reductant energy production can therefore overlap with the rate of its consumption by the Calvin cycle. Under these circumstances, down-regulation of photosynthesis or even photoinhibition can become a powerful defense mechanism for plants (Pin , Ci increased as the water deficit progressed, indicating different physiological responses for different soybean cultivars. Furthermore, an increase in the intrinsic efficiency of water use was observed when the cultivars 'CD 202', 'CD 226RR', BR 16 and EMBRAPA 48 were subject to episodes of water restriction (Catuchi et al., 2011 and 2012) . According to Manavalan et al. (2009) , this increase may indicate better control of water loss via transpiration, contributing to the productivity of soybean. However, it is important to take into account that the studies discussed herein used different methods of water stress induction, which could interfere with making more reliable and suitable comparisons among cultivars (Bertolli et al., 2012) .
Effects of water stress on photosynthesis in soybean plants
Reduction of net photosynthesis in soybean plants can be induced by both stomatal and non-stomatal factors (of both biochemical and photochemical origin). When a crop is subjected to a water deficit, the plants can reduce their stomatal conductance (gs), limiting the entry of CO 2 into the substomatal chambers and thus reducing the diffusion of carbon to the site of carboxylation, resulting in significant decreases in carbon assimilation (Yu et al., 2004) . Furthermore, Flexas et al. (2006a) report that the effects of water stress on the initial activity of Rubisco may be reproduced by induction of stomatal closure, independent of the reduction in the relative water content in the leaves of soybean plants. Thus, we can expect a lower regulation of photochemical and biochemical processes when the availability of CO 2 is the most limiting component for photosynthesis in plants under severe water stress (Flexas et al. 2006b ).
Although Pankovic et al. (1999) report that the content of Rubisco in soybean leaves increases as plants acclimate to water stress, other authors have observed that under the imposition of water deficits in pine, tobacco and soybean, there is reduced transcription of the subunits of this enzyme (Pelloux et al., 2001 , Kawaguchi, et al., 2003 , Majumdar et al., 1991 . Reduction of the Rubisco activity in soybean plants under drought stress can be induced by reducing the content of the enzyme itself and possibly through increases in strongly binding inhibitors, as reported by Flexas et al. (2006a) . When stomatal closure occurs for a period of several days, another mechanism involving gene expression can operate, resulting in a decrease in the total amount of Rubisco and/or an increase in the content of inhibitors that bind strongly to this enzyme (Flexas et al., 2006a) .
Moreover, when the availability of CO 2 and biochemical activity are reduced due to water deficits, the excess reductants in the photochemical apparatus must be dissipated as heat or drained through alternative electron sinks (Miyake et al., 2009 (Miyake et al., , 2010 to reduce photoinhibition and the production of reactive oxygen species (ROS). Studies have revealed that PSII of soybean plants is resistant to moderate water stress (Kirova et al., 2008) , and the potential quantum efficiency of PSII (F v / F m ) and electron transport rate (ETR) are not altered by the imposition of water stress (Ohashi et al., 2006) . Bertolli et al. (2012) reported that the decrease in the ETR was more sensitive than the decrease of F v / F m when the relative water content declined in soybean plants (cv. CD202), supporting the idea that the potential photochemical efficiency would not be readily affected by water deficiency. However, the reduction of the ETR could be due to a lower energy (ATP / NADPH) demand being required for carbon fixation metabolism under water deficit. Because the stomatal conductance was decreased as water deficiency progressed, the reduction of CO 2 diffusion from the substomatic chamber to the active site of Rubisco may have influenced the efficiency of the Calvin cycle, which, in turn, may have reduced the consumption of ATP / NADPH from the photochemical apparatus, reducing the efficiency of the electron transport chain (Bertolli et al., 2012) .
Depending on the intensity and duration of drought stress, metabolic limitations are frequently observed to be correlated with decreases in ATP, which reduces the capacity for RuBP turnover (Parry et al., 2002) . This reduction in ATP synthesis is due to the decrease in electron transport and photophosphorylation caused by the reduction of the reactions associated with the chloroplast membranes (Catuchi et al., 2011) . These membranes may suffer structural damage caused by decreasing the content of free water and ROS overproduction (Lawlor & Cornic, 2002) , reducing the efficiency of the photochemical apparatus. Kao & Tsai (1998) also reported that the amount of quinone (QA) in the reduced state in a wild type soybean plant under water stress is greater than in plants irrigated under high light. The increase in the reduced state of QA is associated with the amount of inactivated and damaged D1 protein in the PSII reaction centers, indicating susceptibility of the photochemical apparatus to water deficits.
Aspects of mineral nutrition in the relationship between water deficits and plant physiology
Under water stress, plants develop various physiological and molecular mechanisms to maintain productivity. Among these mechanisms, Nepomuceno et al. (2001) highlight the activation of genes induced by drought to promote cell tolerance to dehydration and osmotic adjustment to maintain the water potential and turgor close to optimum levels. Additionally, to minimize the oxidative damage to cells generated by reactive oxygen species (ROS), plants develop antioxidant systems (Apel & Hirt, 2004) .
In addition to the internal mechanisms in plants, the negative effects of water stress can be minimized through a balanced supply of nutrients (Waraich et al., 2011) . Among the nutrients classified as essential (Dechen & Nachtigall, 2006) , potassium (K), phosphorus (P) and calcium (Ca) are the most studied in relation to their roles in reducing the effects of water stress on the physiology of soybean (Waraich et al, 2011).
Effects of potassium
Potassium is considered to be the second most extracted element in soybean crops (Malavolta, 2006). From 1,000 kg of seeds produced by a soybean crop, 20 kg of K 2 O can be extracted (Mascarenhas, 2004) . In this context, in some agricultural production systems, particularly tropical systems, K application is required to ensure soil productivity. More than 60 enzymes involved in cell metabolism are K dependent for normal activity because this nutrient is an important enzymatic activator (Prado, 2008) . Moreover, K plays an important role in cell expansion, which involves the formation of a large central vacuole occupying 80% to 90% of cell volume.
Under water deficit conditions, stomatal conductance is reduced (Oliveira et al, 2005) consequently decreasing the intercellular CO 2 concentration (Kaiser, 1987 , Lawlor & Tezara, 2009 ). Thus, the light energy used for the fixation of CO 2 is diverted to O 2 , generating high accumulation of ROS in the chloroplast (Pitzschke et al, 2006) . According to Cakmak (2005) , when plants are grown under low K availability, the production of free radicals may be increased because the lack of this nutrient disturbs the opening and closing mechanism of stomata, causing a reduction of photosynthesis, and consequently, the excess electrons are diverted to the production of ROS. Therefore, under conditions of water stress, the plant exhibits an increased demand for K to maintain photosynthesis and protect the chloroplasts from oxidative damage. This author also stresses the importance of K in the translocation of assimilates. Under K deprivation, there is reduced exportation of the products of photosynthesis to the drain region of the plant. Thus, the accumulation of photoassimilates in the chloroplast can decrease the fixation of CO 2 through down-regulation, thus increasing the generation of ROS.
According to Prado (2008) , K promotes maintenance of the turgor of guard cells, allowing better opening and closing dynamics of the stomatal pores. Sangakkara et al. (2000) evaluated the effect of moisture and K fertilization on the physiology of two common bean cultivars and observed that the addition of K to the system via a nutrient solution promoted an increased photosynthetic rate under conditions of water stress in both cultivars. Catuchi et al. (2012) evaluated the net CO 2 assimilation rate (A) in two soybean cultivars under water deficit conditions as well as 12 hours after rehydration and following supplementation with 0, 90 and 180 mg dm -3 K. The authors concluded that in general, the A values ( Figure 3 ) in both cultivars decreased by 50% under water deficit, irrespective of the K level. In contrast, after rehydration, the cultivar BR 16 showed A values that were 27% higher in plants without the addition of K and 42% higher in plants supplied with 90 mg dm -3 K compared to the values in plants under drought. However, the higher dose of K did not allow the recovery of A after rehydration. Moreover, Embrapa 48 responded positively to supplementation with two doses of K in terms of the recovery of A. While in plants without added K, there was no recovery of A observed. Plants that received doses of 90 and 180 mg dm -3 K showed A values that were 57 and 38% higher, respectively, than those in plants under water stress. These responses indicate that K may promote greater recovery of photosynthesis in soybean after a period of water restriction. According to Flexas et al. (2004) , the intensity and duration of water restriction are key factors that define the speed and rate of recovery of plants after rehydration. In general, plants subjected to severe drought stress exhibit recovery of only 40-60% of the maximum photosynthetic rate on the next day. In a study performed by Catuchi et al. (2012) , these values were only achieved in plants that were supplemented with K. The response of the recovery of plants supplied with K via fertilization may be related to the influence of this nutrient on the repair of oxidative damage to cells under conditions of water stress (Soleimanzadeh et al., 2010) . The higher photosynthetic rates of plants supplied with K after recovery could provide greater restoration of plant growth, minimizing productivity losses. 
Effects of phosphorus
Because of its role in the formation of adenosine triphosphate (ATP), phosphorus (P) plays key roles in the production of energy necessary for photosynthesis, the translocation of assimilates and many other metabolic processes. In its inorganic form, P is the substrate or end product in many enzymatic reactions, including photosynthesis and carbohydrate metabo-lism, and it is essential for the regulation of metabolic pathways in the cytoplasm and chloroplast, sucrose and starch synthesis, triose phosphate transport, translocation of sucrose and hexose synthesis (Araújo & Machado, 2006 ). According to Lantmann & Castro (2004) , for each ton of soybeans produced, the plant consumes 15 kg of P 2 O 5 on average. Under conditions of low soil water availability, there is a marked reduction in P uptake by plants (Santos et al., 2006) . When there is a lack of inorganic P (Pi) in the chloroplast, decreases in the production of ATP and NADPH may occur, resulting in a decrease in the regeneration of ribulose-1,5-biphosphate, which is crucial in the photosynthetic assimilation of CO 2 (Lawlor & Cornic, 2002) .
The decrease in ATP synthesis in the chloroplast may be caused by low availability of free cytoplasmic Pi, which is exchanged for triose phosphate in the chloroplast by phosphate transporters that use Pi as a substrate (Flügge et al., 2003) . The carbon partitioning between starch and sucrose is dependent on the concentration of cytoplasmic Pi, which regulates the export of triose-P from the chloroplast to the cytosol, and a decrease in the recycling of P between the cytoplasm and chloroplasts can generate inhibition of photosynthesis via carbohydrate accumulation (Foyer, 1988) . During drought periods lasting approximately ten days, the diffusive flux of P from the soil to plants stops almost completely, causing a significant loss of productivity (Novais & Smyth, 1999) . Thus, there is a need for a stock of P under optimal conditions of water availability to reduce the effects of the lack of P during water stress (Prado, 2008) . Furthermore, after rehydration, the absorption and uptake of P should begin rapidly to restore the diffusion flow.
The direct role of P in the maintenance of plant productivity under low water availability is also related to the maintenance of stomatal conductance (Waraich et al., 2011) . This function of P is associated with the osmotic regulation of stomatal guard cells because P supplementation can be related to the accumulation of proline, which is an important regulator of cell osmolarity (Figure 4 ) that fertilization with 200 kg ha -1 P maintained net photosynthesis under water stress better in comparison to what was observed in plants that were not supplemented. According to these authors, these results were due to increased stomatal conductance promoted by P under conditions of water restriction. Santos et al. (2006) evaluated the effect of foliar supplementation with inorganic phosphate (Pi) in two common bean genotypes, A320 and Ouro Negro, under water deficit conditions for 7 days. They observed that the rates of net photosynthesis and stomatal conductance were not affected by supplementation of Pi during dehydration in either genotype. However, after rehydration, stomatal conductance and photosynthesis were increased associated with foliar Pi being supplied in relation to the plants without Pi supplementation. Likewise, as noted by Firmano et al. (2009) in soybean, the role of Pi in the regulation of photosynthesis recovery after a water deficit appears to be important in reducing the deleterious effects of a temporary lack of water. 
Effects of calcium
The main functions of Ca in plants are acting as a component of the cell wall and as a second messenger in signaling associated with different processes in the cell. This nutrient plays an important role in ion uptake, root development and the germination of pollen grains (Vitti et al., 2006) . During stress, Ca plays an important role in the regulation of plant metabolism, along with the calmodulin protein, which can promote the maintenance of cellular metabolism under water deficit conditions (Waraich et al, 2011) . Ca assists the plant in its recovery after a water shortage because this nutrient functions in the activation of the ATPase en-zyme in the cell membrane, promoting the pumping back to the cell of electrolytes that were lost because of membrane damage caused by water deficit (Palta, 1990 , Waraich et al., 2011 .
In addition to the direct effects of K, P, and Ca on the maintenance of plant metabolism under water deficit conditions, balanced nutrition regarding all essential elements (both macro-and micronutrients) can support plant development under limiting conditions by improving the initial steps of vegetative growth, such as leaf area expansion. This improved growth will allow the achievement of high photosynthetic rates and, hence, good root development, thereby improving the absorption of water into deeper layers and allowing the plants to survive water deficit periods.
Future directions
Breeders and geneticists involved in soybean breeding are interested in consolidating the current knowledge about physiology and functional genomics to improve crop breeding programs (Manavalan et al., 2009) , especially based on studies aimed at providing the information needed to improve the resistance / tolerance of cultivars to a multitude of stress factors (Kulcheski et al., 2011 , Makbul et al., 2011 . Through proteomic analysis, 145 genes that are differentially expressed according to the imposition of water stress were identified in two soybean cultivars, MG/BR46 [Conquista] and BR 16, that are considered tolerant and sensitive to water deficits, respectively (Stolf-Moreira et al., 2011). These genes were classified into nine functional categories: energy, transcription factors, metabolism, stress responses, protein synthesis, cell communication, the cell cycle, cellular transport, and other unknown functions. Additionally, 11 micro-RNAs that show different expression patterns during the imposition of biotic and abiotic stress were identified in the cultivars 'Embrapa 48' (tolerant to drought stress) and 'BR 16' (sensitive to water stress) (Kulcheski et al., 2011) , and the transcription of several other proteins related to oxidative damage, isoflavonoids and lignin synthesis was detected in soybean under water stress (Yamaguchi et al., 2010) . Furthermore, Alam et al. (2010) reported that there are two enzymes involved in carbohydrate metabolism (UDP-glucose pyrophosphorylase and 2.3-biphosphoglycerate independent phosphoglyceratemutase) that are suppressed after exposure to a water deficit. The levels of these enzymes tended to revert to the basal level after rehydration of the plants, suggesting that the change in the allocation of carbon in soybean plants under drought may indicate an adaptive response. According to the authors of this report, the metabolism of carbohydrates is one of the processes that are most susceptible to water stress, after photosynthesis. Other studies have identified several soybean wildtypes that can be specifically adapted to adverse conditions, such as wind, water logging, salinity and water deficits, and may be useful for identifying genes related to tolerance / resistance to a variety of biotic and abiotic stresses . Such studies are required because genetic diversity has been lost in the process of domestication of G. max (Hyten et al., 2006) , and wildtype soybean have been useful for contributing new and unique genes to increase yields under different worldwide crop conditions .
Moreover, as discussed in previous sections of this chapter, to improve soybean growth under water deficit conditions, the application of additional strategies is necessary, such as constant development of new soil management techniques, allowing the development of root systems to increase the water intake capacity as well as provide balanced nutrition to the crop, supporting adequate development of the plants throughout their life cycle.
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